The specialization of equid limbs for cursoriality is a classic case of adaptive evolution, but the role of the axial skeleton in this famous transition is not well understood. Extant horses are extremely fast and efficient runners, which use a stiff-backed gallop with reduced bending of the lumbar region relative to other mammals. This study tests the hypothesis that stiff-backed running in horses evolved in response to evolutionary increases in body size by examining lumbar joint shape from a broad sample of fossil equids in a phylogenetic context. Lumbar joint shape scaling suggests that stability of the lumbar region does correlate with size through equid evolution. However, scaling effects were dampened in the posterior lumbar region, near the sacrum, which suggests strong selection for sagittal mobility in association with locomotor-respiratory coupling near the lumbosacral joint. I hypothesize that small-bodied fossil horses may have used a speed-dependent running gait, switching between stiff-backed and flex-backed galloping as speed increased.
Introduction
Fossil horses provide a classic case study of adaptive evolution. The transformation from the small-bodied browsing horses (e.g. Eocene Hyracotherium) to the large-bodied, cursorial, grazing forms which survive today has fascinated palaeontologists for almost a century [1, 2] . However, the role of the axial skeleton is one critical component of this transition that remains poorly understood.
The axial skeleton is a crucial component of the mammalian locomotor system. In particular, bending of the lumbar region is involved in the fastest mammalian gaits (asymmetric gaits, e.g. gallop or bound) [3, 4] . While lumbar flexion and extension in the sagittal plane is characteristic of mammals, increasing both stride length and acceleration, several groups of large-bodied mammals have secondarily lost this feature, instead stabilizing the lumbar region [5, 6] . Horses are the best-known example of this phenomenon. Therefore, galloping gaits among mammals can be generally subdivided into two types: the horse-type gallop, in which sagittal movements of the lumbar region are restricted, and the cheetahtype gallop, in which sagittal lumbar movement is considerable. The two types differ in their footfall pattern and kinematics [7] [8] [9] .
In association with the horse-type gallop, the lumbar region of Equus caballus is relatively rigid, and intervertebral joint mobility in the sagittal plane is restricted by strong intervertebral ligaments and interlocking joints (electronic supplementary material, figure S1) [10, 11] . Conversely, the lumbosacral joint (between last lumbar and first sacral) remains quite mobile, undergoing flexion and extension during running (figure 1) [12, 14] . Sagittal bending of the lumbosacral joint is important during locomotion as it is thought to facilitate locomotor-respiratory coupling given a stiff lumbar region. This lumbosacral bending allows the pelvis to act as a piston that alternately increases and decreases thoracic pressures, tying footfall with breathing and increasing stamina (figure 1) [15, 16] .
This study examines the evolution of lumbar stability in horses. Owing to the prevalence of stiff-backed running in large mammals and predicted allometric increases in locomotor costs, it has been suggested that lumbar stability may have evolved in concert with increasing size in mammals [3, 7, 8, 17] . To understand the evolution of lumbar stability, stiff-backed running and its potential relationship with body size in equids, this study examines lumbar functional anatomy in fossil equids, spanning their evolution from small-bodied ancestors. Specifically, bony morphology of the intervertebral joint (body and zygapophyses) is frequently preserved in fossils, and correlates with range of motion in domestic horses (electronic supplementary material) [18] . Increased sagittal dimensions of the body are linked to decreasing compliance of the intervertebral disc, while dorsally positioned zygapophyses restrict dorsiflexion, resulting in reduced sagittal motion [10] . I test the hypothesis that dorsoventral stabilization of intervertebral joints, as indicated by increasing sagittal dimensions of the joint, correlates with increasing size through equid evolution, and I compare scaling relationships along the lumbar region.
Material and methods
I examined 120 lumbar vertebrae from 66 specimens of 20 species, including 10 extant specimens of Equus (electronic supplementary material, table S1). Lumbar intervertebral joint shape was measured using an identical protocol to that which revealed correlations of shape with ex vivo motions in Equus caballus, providing a validation for functional relationships [18] . Twodimensional landmarks were collected from caudal images of the joint via photography (extant equids) or surface scanning (fossil equids; electronic supplementary material, figure S1), resulting in eight fixed and 52 sliding semi-landmarks (electronic supplementary material, methods, figure S2a). Semi-landmarks were allowed to slide during generalized procrustes analysis (GPA), and centroid size from the GPA was used as a measure of vertebral size. Principal components analysis (PCA) was used to reduce the data. The effect of size and craniocaudal position (proximal, middle or distal lumbar) on joint shape (PC1-5) was tested using a MANCOVA. A phylogenetically corrected MAN-COVA was conducted using phylogenetic independent contrasts (PIC) of PC scores (electronic supplementary material, methods).
Results
Principal component 1 accounted for 71.4% of total variance, and the top five PCs accounted for 95.0% cumulatively (table 1). Low PC1 scores reflect a dorsoventrally compressed endplate with widely spaced, ventrally placed and revolute zygapophyses (figure 2c). High PC1 scores represent dorsoventrally tall joints with tall, cordiform endplates and closely Figure 1 . Kinematics of the lumbosacral region in Equus caballus. Sagittal bending during canter is very limited in the distal thoracic and proximal lumbar regions, but is much greater around the lumbosacral joint [12] . Schematics on the right show proposed mechanism for lumbosacral locomotor-respiratory coupling [13] . LSJ, lumbosacral joint. Ventroflexion at the lumbosacral joint produces forward motion of the sacrum and assists exhalation (1) [18] . A MANCOVA of Procrustes-superimposed joint shape, as summarized by the first five PCs, indicates that lumbar shape is significantly correlated with size in both the uncorrected and phylogenetically corrected (PIC) analyses (table 1 and figure 3 ). Regressions on individual PCs reveal that this pattern is driven by strong allometry on PC1, which is significantly correlated with size in both the uncorrected and the less powerful PIC analysis.
There was variation in the degree of scaling along the lumbar region, with the distal lumbar joints having considerably lower slopes than proximal and middle lumbar joints (table 1 and figure 3 ). This effect (i.e. the interaction between position and size) was significant using raw data, but not with phylogenetically corrected data ( p ¼ 0.073). However, when regions are considered separately, phylogenetic independent contrasts regression reveals significant relationships of PC1 with size in the proximal and middle lumbars, but not the distal lumbars, which are indistinguishable from isometry (electronic supplemental material, table S3).
The relationship of lumbar shape with size can be seen clearly when the evolution of mean (by species and position) proximal and middle lumbar PC1 score and log centroid size are optimized onto the equid phylogeny ( figure 2b,d) . Both traits show similar evolutionary patterns, and warmer colours (more positive values) tend to be found in the later taxa, particularly the equines. Extant species have a distinctive craniocaudal pattern of intervertebral joint shape (PC1) in which the proximal and middle joints have very high scores, but the distal lumbar joints have much more negative scores (figures 2c and 3; electronic supplemental material, figure  S3 ). This pattern reflects the dorsoventrally compressed joint morphology and reduced sagittal stiffness in the lumbosacral joint of Equus (figure 1). Fossil equines show a similar pattern, while anchitheres have lower PC1 scores in the proximal and middle lumbar joints than the equines (figure 2c; electronic supplementary material, figure S3 ). Finally, all three hyracotheres have very low scores (approx. 20.1) for the proximal and middle lumbars. While the PC1 scores for the distal lumbar joints are also low, the morphology contrast along the column is less marked in Arenahippus grangeri and Mesohippus than in later equines.
Discussion (a) Evolution of lumbar stability correlates with increasing size
The use of sagittal bending of the spine during fast running gaits is a distinctive mammalian feature [4, 5] . However, several groups of large-bodied ungulates have secondarily lost this sagittal mobility in favour of a stiff-backed (dorsostable) running gait, of which horses are the best-known example [3, 19] . Increasing size may be an important factor driving vertebral stabilization because loading on the spine increases allometrically, making muscular support energetically expensive and leading to the prediction that small-bodied fossil horses may have used more lumbar mobility than Equus [20] [21] [22] . Kitts [23] concluded that small-bodied Hyracotherium was a dorsostable runner, with vertebral function and gait use very similar to that of modern Equus. A more recent assessment, based much better material of Arenahippus grangeri (formerly Hyracotherium), concluded that this taxon was indeed dorsostable in the posterior lumbar region, but that the anterior lumbar and posterior thoracic region were 'facultatively dorsostable', permitting some flexion and extension, but actively stabilized by muscles [24] . By contrast, based on observations from the Messel horses Propalaeotherium and Eurohippus, Preuschoft & Franzen [20] classified smallbodied horses as 'accelerators', with lumbar flexion and strong activity of dorsal trunk musculature [20] .
The data presented here, based on intervertebral joint morphology, indicate a correlation between increasing size and shape in proximal and middle lumbar joints. Specifically, size correlates with craniocaudally taller, more cordiform bodies and more dorsally placed zygapophyses. This type of variation was associated with a reduced dorsoventral range of motion, but increased lateroflexion along the column of E. caballus, and meets functional predictions of increasing stiffness in the sagittal plane [18] . In particular, increasing cross-sectional diameter of the body is thought to reduce compliance in that plane [3, [25] [26] [27] [28] . Therefore, taller but mediolaterally narrower bodies suggest decreasing sagittal relative to lateral motions in the larger equid species. Similarly, dorsal placement of the zygapophyses restricts motion by providing a bony stop or buttress against dorsiflexion [10, 18] . Morphology of the zygapophyseal facet varies in mammals, but functional implications are poorly understood. More planar facets in the anterior lumbar joints of hyracotheres have been interpreted as allowing sagittal motion there [24] . While the significance of 'embracing' multifaceted joints posteriorly is unclear, they are likely to be more important in resisting torsion and shear forces from the hindlimb than sagittal bending, based on similar joints that are found in small artiodactyls with relatively flexible lumbar regions [6, 28] . In equines, the ventral facet is well developed and also strongly inclined in the frontal plane, providing a strong buttress to resist dorsiflexion [10, 18] .
(b) Distal lumbar joints scale more conservatively Sagittal mobility in the trunk of extant horses is, for the most part, limited to the lumbosacral joint [19] . This joint undergoes flexion-extension during asymmetric gaits [12, 14, 29] , a motion that has been linked to locomotor -respiratory coupling via a forward sweeping of the pelvis that displaces air from the lungs [16, 30] . The amplitude of this motion also increases with speed, suggesting it is important during fast running [12, 14] .
In Equus caballus, sagittal mobility at the lumbosacral joint is associated with a dorsoventrally compressed body, sagittally oriented zygapophyses, a thicker intervertebral disc, divergent neural spines and a more elastic supraspinous ligament [10, 11] . In this dataset, this morphology is indicated by a negative shift in PC1 score of the distal lumbars relative to the more proximal joints. Even the smallest fossil equids examined here shared this negative shift, indicating relatively more dorsoventrally compressed joints, and increased sagittal bending of the lumbosacral region, and supporting qualitative inferences on Arenahippus [24] . This suggests that the lumbosacral joint may have been involved in locomotor-respiratory coupling even in small-bodied equids. Further, allometric analyses indicated that the distal lumbar joints, near the sacrum, had a lower regression slope than more cranial positions, and were not related to size at all in phylogenetically corrected analyses. Strong selection on dorsoventral mobility of the lumbosacral joint for locomotor-respiratory coupling could explain the persistence of mobility in spite of increasing size, and hence the much weaker allometric relationship.
(c) Running gaits, body size and vertebral evolution Equus caballus is a fast and efficient long-distance runner, which uses a stiff-backed, horse-type gallop [3, 7, 8] . These results suggest that small-bodied hyracotheres had increased dorsoventral bending in the more proximal lumbar region relative to modern horses. However, dorsoventral flexibility was probably highest at the lumbosacral joint, which may indicate use of the sacrum in locomotor -respiratory coupling [15, 16] . Taken together, this unique combination of features suggests considerable differences in locomotor capabilities in hyracotheres relative to Equus.
The horse-type gallop of E. caballus uses the hindlimbs to initiate the transition from a downward to upward trajectory during motion, which preserves momentum by distributing the deflection across multiple strut-like limbs. By contrast, the cheetah-type gallop uses a forelimb-initiated centre of mass transition, leaving hindlimbs and spine free to produce forward acceleration [8] . Based on the increased spinal mobility implied by these morphological data, hyracotheres may have been able to employ both types of gallop. One plausible scenario for locomotion in small-bodied equids is a speed-dependent gait transition. Dogs and jackrabbits use a 'slow gallop' with horse-type (hindlimb-initiated) kinematics, and then switch to a cheetah-type (forelimb-initiated) gallop for high-speed bursts [8] . As body size increased through equid evolution, the cheetah-like portion of the gait repertoire may have been lost. Instead, the more efficient horse-type gallop was favoured, rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152947 which preserves more of the forward momentum lost during the impulsive contact of the limbs. Further, elongation of the limbs, especially the distal elements, through equid evolution provided a shift in emphasis from vertebral to limb motions for increasing stride length as body size increased [31] .
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